We present the minimal model of electroweak baryogenesis induced by fermions.
Introduction
The explanation of the baryon asymmetry of the universe is one of the outstanding problems in particle physics. The only baryogenesis mechanism that we know of which necessarily requires new physics at the electroweak scale and is therefore most likely to be experimentally testable is electroweak baryogenesis (EWBG) [1] , for reviews see [2] [3] [4] . It relies on the nucleation of Higgs vacuum bubbles at the electroweak phase transition on which fermions reflect asymmetrically, creating an excess in some global charge which is processed into a baryon asymmetry by weak sphalerons [5, 6] . For the mechanism to be effective, the Standard Model Higgs potential requires modifications in order to ensure the nucleation of bubbles with a Higgs condensate larger than the critical temperature of the phase transition. This is the strong first order phase transition requirement, which ensures that the baryon asymmetry is not washed out by the same weak sphalerons which create the asymmetry in the first place. For these bubbles to be nucleated at the critical temperature, an energy barrier in the effective potential is needed in order to separate the electroweak symmetric phase (outside the bubble) from the electroweak broken phase (inside the bubble). Also, a new source of CP violation is required for efficient generation of an asymmetry, since Standard Model CP violation is insufficient due to the suppression factors in the Jarlskog invariant [7] .
With the exception of [8] [9] [10] [11] , the literature has overwhelmingly concentrated in coupling new scalars to the Higgs in order to induce the strong first order phase transition, mostly because the barrier may be generated with a negative Higgs quartic stabilized by a threshold (H † H) 3 term as in [12] , which at tree level may only be generated by integrating out heavy scalars, or because in a large temperature expansion of the Higgs effective potential, scalars contribute to a negative cubic term which induces a barrier while fermions do not [2] . For a classification of the extensive literature on scalar models see [13] . However, new scalars introduce additional tuning in the theory, since they are not stable at the electroweak scale.
Also, the simplest scalar models involve only singlets, in which case the only irreducible phenomenology involves precision Higgs physics [14] [15] [16] [17] which may require a new high energy collider.
This motivates us to revisit fermion induced electroweak baryogenesis. We draw additional motivation from the following observation. Both fermions and scalars contribute to the Higgs thermal potential if they obtain mass from the Higgs mechanism, and only in a large temperature expansion is clear that scalars contribute most efficiently to the barrier. If instead one performs a small temperature expansion, one finds that the leading contribution to the thermal potential is exactly the same for both fermions and bosons and is proportional to [18] 
where φ is the Higgs field, m(φ) is the mass of the fermion or boson and K 2 a modified Bessel function. So in cases in which the critical temperature is smaller than the masses of the fermions contributing to the effective potential, fermionic models may be equally as effective as scalar models in inducing a barrier radiatively 1 . From (1), we see that the key element is the the relation between the mass of the fermion and the Higgs condensate, so the problem reduces to identifying what type of mass relation leads to the formation of a barrier in the effective potential.
In the Standard Model, at temperatures right above the critical temperature for the phase transition, the Higgs effective potential around the origin of Higgs field space monotonically increases with the Higgs field, so there is no energy barrier leading to a strong first order phase transition [19] . Introducing new chiral fermions at the electroweak scale which obtain their masses only from the Higgs condensate delays the phase transition [8] , but does not modify φ, leading to a reduction in the thermal effective potential. There is then a competition between the Standard Model terms (plus all polynomial counterterms), which tend to restore electroweak symmetry, and the new fermionic terms which have the opposite effect. In this 1 Note however that the zero-temperature radiative effects are still different for fermions and scalars work we present a simple model realizing the above mass relation, for which we find that there are large regions of parameter space in which at the critical temperature, around the origin the monotonically increasing Standard Model terms dominate while close the electroweak scale the negative contribution from the fermionic terms dominate. At field ranges φ ∼ M/y level splitting stops, the mass of the lightest fermion (and therefore its thermal potential) starts growing, and the potential is stabilized. Higher order Standard
Model terms also help in stabilizing the potential. The summarized effect is the formation of an energy barrier separating the minimum at the origin of field space from a second minimum where electroweak symmetry is broken. At even larger field ranges and most importantly, at zero temperatures, the new fermions lead to an instability which the Standard Model thermal terms cannot counteract, so this minimal picture is insufficient. In order to solve this issue, we introduce stabilizing irrelevant operators of the type (H † H) n with n ≥ 3, which may be interpreted as thresshold corrections coming from a multi-TeV UV completion which does not play any role in the formation of the barrier (differently from [12] ), since the effects of the corresponding irrelevant operators at the electroweak scale are suppressed by powers of the electroweak scale over the TeV-scale cutoff of the UV completion. We present a schematic picture of the full mechanism in figure 1. It is easy to find the minimal fermionic model leading to a strong first order phase transition by exhaustion. The two most minimal anomaly free extensions of the Standard Model with new fermions coupling to the Higgs at renormalizable level are, with one multiplet the right handed neutrino ψ S and with two multiplets a vector like doublet ψ L , ψ L [20] . In both cases, the new fermions couple to the Higgs by mixing with Standard Model fermions, and these couplings are generically strongly constrained [20] . Most importantly, neither the right handed neutrino model nor the vector like doublet model lead to level splitting, and they do not generate a strong first order phase transition. The next simplest fermionic extension of the Standard Model is a combination of the two models above and contains three fermion multiplets, one SU (2) singlet ψ S and a vector like [20] [21] [22] [23] [24] [25] .
In this case, one can write down Yukawas with the Higgs without involving Standard Model
These Yukawas may be large, so these fermions may lead to a large effect on the Higgs effective potential at one loop. Moreover, in this singlet-doublet model the Higgs field induces level splitting between the neutral singlet-doublet fermions.
In this work we demonstrate that the singlet-doublet model is in fact a complete realization of fermion induced electroweak baryogenesis, by showing that it leads to a strong first order phase transition, has the requisite CP violating phase leading to the generation of the baryon asymmetry and is consistent with all current experimental data. We also point out that the collider phenomenology of fermion induced electroweak baryogenesis is significantly different from the more popular models of scalar induced EWBG. Since in fermion induced EWBG the new fermions must be at the electroweak scale and have electroweak quantum numbers, they are pair produced and decay via electroweak gauge bosons and the Higgs leading to a rich set of final states, with the largest discovery potential in final states with multiple leptons and missing energy.
To the best of our knowledge, the model presented here is the first complete implementation and phenomenological study of purely fermion induced EWBG. Previous works mostly follow the ideas of [8] and of [10] . In the seminal work [8] it was first realized that the strong first order phase transition may be induced by fermions in a supersymmetric context, but in that work the effective potential is radiatively stabilized by new scalars which lead to a contribution to the barrier, so it is not straightforward to quantify and study the effect of the fermions alone. Here we show with a simplified model that the barrier may be generated exclusively by fermions while simultaneously stabilizing the potential with threshold corrections without affecting the strength of the phase transition, we isolate the requirements for fermion induced EWBG to be effective and we identify the irreducible phenomenology. In 2 The gauge representation and hypercharges of the singlet-doublet fermions are entirely fixed by the requisite Yukawa couplings and anomaly cancellation.
[10] the barrier is generated by integrating out heavy fermions, but the baryon asymmetry is not explored and there is no proof that the potential may be stabilized without affecting the strength of the phase transition.
This paper is organized as follows. In section 2 we present the model. We carefully work throughout in terms of background symmetry invariants, in order to keep track of the unique CP violating phase of the model. In section 3 we numerically determine the strength of the phase transition from the full one-loop Higgs effective potential in the CP conserving case, we study electroweak precision limits and comment on the stability of the Higgs potential and Landau poles. In section 4 we include CP violation and study the corresponding phenomenology. We perform an analytic, semiclassical and background symmetry invariant calculation of the baryon asymmetry, and study electron electric dipole moment constraints. In section 5 we present and combine all the results, including the baryon asymmetry, strength of the phase transition, electroweak precision and electric dipole moment constraints. In section 6
we briefly comment on the collider phenomenology. We conclude in section 7.
2 Singlet-doublet model at finite temperatures
Consider the Standard Model extended with a fermionic singlet ψ S and a vector like electroweak doublet ψ L , ψ L , with gauge charges defined in table 1. We assign a discrete Z 2 charge to the singlet and doublet fermions, specified in table 1, which forbids mixing with the standard model fermions. The most general Lagrangian at the renormalizable level for the singlet-doublet fermions, the Higgs doublet with hypercharge Y (H) = 1 and the SM fermions, respecting the discrete Z 2 symmetry is where without loss of generality we can work in a gauge with φ ≥ 0. At zero temperature the potential is minimized at φ(T = 0) ≡ v = 246 GeV.
The background (spurious) symmetry group of the model corresponds to Standard Model The final remaining physical parameter of the theory is a unique CP odd invariant
In the case in which any of the parameters λ u , λ d , m S or m L are zero, the CP odd invariant vanishes and there is no effective CP violation in the theory. For non vanishing 3 Choosing electroweak scale singlet-doublet Lagrangian masses leads to a coincidence of scales problem:
in this theory there is no explicit (dynamical) relation between the singlet-doublet lagrangian masses and the electroweak scale itself. For brevity we will not comment any further on this problem, whose solution would require further details about the UV completion.
Yukawas and singlet-doublet masses the CP odd invariant may be traded for the invariant CP violating phase
The singlet-doublet sector violates CP whenever δ CP = 0, π and conserves CP otherwise. δ CP is the required source of CP violation for a baryon asymmetry to be obtained in this model. We define the charged an neutral components of the fermionic doublets as
The spectrum of the theory consists of one charged Dirac pair formed with ψ + and ψ − and three neutral Majorana fields. The charged fields ψ ± do not couple to the Higgs, so their non-negative, background symmetry invariant Dirac mass squared is
On the other hand, the symmetric complex mass matrix for the neutral Majorana fields
where the mass singular values m i , i = 1, 2, 3 corresponding to the mass eigenstates ψ i are by definition non-negative and the matrix U is a unitary singular value decomposition matrix, which is defined by (8) only up to a reparametrization symmetry independent of the background symmetry, corresponding to right multiplication by a discrete unitary matrix.
Under a background symmetry transformation the matrix U transforms by left multiplication with a diagonal unitary matrix with the charges specified in (2), diag(e −iα , e −iβ , e −iγ ), where α, β and γ are arbitrary phases. Physical observables are invariants under both the discrete reparametrization and background symmetry transformations. For instance, the three mass singular values are invariants. To make this explicit, note that the hermitian mass squared matrix is
which has a characteristic equation given by
with coefficients
Since the coefficients a, b, c in (11) are explicitly background and reparametrization invariant, the mass squared singular values of the neutral singlet-doublet sector which are the solutions of the characteristic equation (10) are also invariants. For completeness they are given by
with i = 1, 2, 3.
In this work, we are interested in studying the finite temperature effective Higgs potential, which determines the nature of the electroweak phase transition. Up to one-loop, the effective potential is determined by the tree level potential (3), plus a zero-temperature and a finite temperature 1-loop contribution. The zero-temperature one-loop contribution is given by
where µ is the renormalization scale, all couplings must be interpreted as effective couplings at that scale and a is an index that runs over all boson and fermion fields obtaining mass from the Higgs mechanism. ξ = 1 for fermions, ξ = 0 for bosons. g a corresponds to the degrees of freedom of the corresponding field, which is equal to 1 for a real scalar, 2 for a Weyl fermion, 3 for a neutral massive gauge boson. We only consider the contributions to the effective potential coming from the three new neutral Majorana fermions with masses specified in (12) , from the W boson (m W = g 2 φ/2), the Z boson (m Z = m W cos θ W ) and from the top quark (m t = y t φ/ √ 2). We neglect the subleading contributions coming from all the rest of the particles in the Standard Model. The functions P a (φ 2 ) in (13) depend on renormalization conditions, which are chosen to be
which up to a field independent term set the functions P a (φ 2 ) to [8, 10 ]
where we defined
The renormalization conditions (14) ensure that there is no explicit renormalization scale dependence in (13) (up to a field independent term) and that up to one-loop, the electroweak symmetry breaking condition and Higgs boson mass expression are given by the usual tree level expressions
where in the last equality of (20) we made use of (19) . These relations set the tree level
Higgs quartic defined in (3) to λ = 0.26 and the Lagrangian mass to
Finally, the one-loop, finite temperature correction to the Higgs effective potential is given by
where again, ξ = 1 for fermions, ξ = 0 for bosons. g a corresponds to the degrees of freedom of the corresponding field, and for simplicity we only consider the contributions from the singlet-doublet neutral fermions, gauge bosons and the top quark. In the next section we will find that in the parameter space for which a strong first order phase transition is obtained, the critical temperature T c is always smaller than the mass of singlet-doublet fermions running in the loops, so we refrain from performing any high temperature expansion of the potential throughout this work. We leave for future investigations the effect of adding one-loop thermal masses to the bosons and fermions contributing to (21) . Since at the critical temperature these corrections are of order
, we do not expect them to modify our conclusions. The full temperature dependent effective potential is obtained by summing (3), (13) and (21). For the rest of this section we concentrate in the case δ CP = 0, where without loss of generality the Yukawas and Lagrangian masses may all be taken to be non-negative. We find that this case is a realization of the mechanism explained in the introduction leading to a barrier in the Higgs effective potential and to a strong first order phase transition.
The results are shown in figure 2 , where in solid lines we plot contours of the strength of the phase transition v c /T c . We also show dashed contours of m 1 , the mass of the lightest neutral fermion of the singlet-doublet sector and in the background we provide a colored density plot of the critical temperature T c . In gray we show the areas excluded by electroweak precision constraints at 95% confidence level according to the procedure described in appendix A, which makes use of the STUVWX parameter formalism [27] . On the left panel of the figure, we first study the results as a function of the singlet-doublet Yukawas, where we fixed both Lagrangian masses to be close to the electroweak scale, m L = 330 GeV , m S = 360 GeV. In this case, we see that a strong first order phase transition is obtained for Yukawa couplings in the range 1.5 λ u,d 3. We also find that the critical temperature in the regions of parameter space where a strong first order phase transition occurs, is always smaller than the lightest singlet-doublet fermion mass m 1 as advertised in the introduction. The cases λ u,d λ d,u generically do not lead to a strong first order phase transition: we find that the strength of the phase transition is maximized along the λ u = λ d direction. Along this direction (or more generally, along the λ u = λ d direction if we also allow for a physical CP violating phase), the singlet-doublet sector has an enhanced SU (2) R custodial symmetry which ensures a vanishing T parameter [28, 29, 22, 23] . In spite of this, from the figure we see that for the order one Yukawas and non-decoupled singlet-doublet fermions needed for the strong first order phase transition, the λ u = λ d direction is generically excluded, mostly due to a large S parameter. Moving slightly away from the λ u = λ d direction leads to a small positive T parameter, which improves the electroweak precision fit for non-vanishing S (see figure 6 ), avoiding thus the electroweak precision constraints. On the other hand, the regions with λ u,d λ d,u are excluded mostly due to a large T parameter. We conclude that generically, in order to avoid electroweak precision constraints while obtaining a strong first order phase transition, one needs to choose large (but perturbative) Yukawas λ u , λ d and the two Yukawas must be similar. It is worth noting that the choice of similar singlet-doublet
Yukawas arises quite naturally in a singlet-doublet sector which preserves custodial symmetry at the scale of some UV completion, in which case the singlet-doublet Yukawas at the electroweak scale would only be split by radiative custodial-breaking corrections.
In figure 2 on the right, we study the results as a function of the singlet-doublet Lagrangian masses, where we fixed the Yukawas to λ u = 1.9 , λ d = 2.4. We find that a strong first order phase transition is obtained for a large range of Lagrangian masses at the electroweak scale. For Lagrangian masses above ∼ 1 TeV, the effects of the new fermions in the Higgs effective potential are Boltzmann suppressed at the scale of the electroweak phase transition and no strong first order transition is found. Of course, one could take even larger Yukawas, in which case the singlet-doublet masses could be as high as a few TeV as in [10] .
However, as we will see in the next section, the baryon asymmetry is generated by reflection of the same set of singlet-doublet fermions on the bubble wall. Taking the singlet-doublet fermions much above the electroweak scale would suppress their abundance in the plasma at the critical temperature and would lead to a highly suppressed baryon asymmetry. On the opposite case, when both Lagrangian masses are smaller than ∼ 300 GeV a strong first order phase transition is not achieved either. This can be understood by taking the limit m S , m L → 0 in which case the neutral singlet-doublet fermions get mass only from the Higgs mechanism, no level splitting occurs, our mechanism is not realized and no barrier is created. 
Stability of the Higgs potential and Landau poles
We found that in the singlet-doublet model, a strong first order phase transition requires large values of the Yukawas, λ u , λ d , as in the models presented in [8, 10] . This leads to an instability of the zero temperature Higgs potential below the TeV scale. In order to solve this problem, we introduce stabilizing irrelevant operators coming from a multi-TeV UV
with n ≥ 3. For illustration, in this section we consider a typical benchmark point with
GeV, m L = 360GeV which according to figure 2 leads to a strong first order phase transition. In this case, the Higgs potential instability is around φ ≈ 500GeV. In order to stabilize the potential up to the cutoff of the theory, it suffices to add the operator
with cutoff Λ ≤ 1.2 TeV. This stabilizing operator may be easily obtained from integrating out a multi-TeV scalar [30] . The new scalar leads to a new tuned scale in the theory but in the multi-TeV range, where a UV completion which solves both the Higgs and new scalar hierarchy problems may be manifest.
One may worry that the stabilizing operators (22) Finally, the large Yukawas lead to Landau poles above the TeV scale. For the benchmark point above, using the one-loop beta functions given in appendix C, we find that a Landau pole for the Yukawas is obtained at ∼ 40 TeV. This also points to the need of building a UV completion for the theory, which is beyond the scope of this work. Alternatives for the UV completion were already listed in [24] . They involve either providing a composite description of the model, or making copies of the singlet-doublet fields and promoting the corresponding multiplet fields to multiplets of a non-abelian gauge symmetry.
CP violation in the singlet-doublet model
In this section we discuss the effects of CP violation in the singlet-doublet model. For our purposes, the two main features of considering a non-zero CP violating singlet-doublet phase are the generation of a baryon asymmetry during the electroweak phase transition and the generation of an electron electric dipole moment (EDM). Since there is a single effective CP violating phase in the singlet-doublet sector, both observables are related. We start by estimating the baryon asymmetry in 4.1 and in section 4.2 we present the limits from the electron EDM on the singlet-doublet effective phase.
The baryon asymmetry: an analytic estimate
In this section we perform an approximate semiclassical calculation of the baryon asymmetry in the CP violating singlet-doublet model. We closely follow the techniques presented in [6, 7, 31] . More modern and sophisticated techniques exist to obtain the baryon asymmetry [3, 32] , but here we limit ourselves to a simpler but analytic estimate of the baryon asymmetry, in order to capture in a straightforward and intuitive way much of the physics that one would expect from a more precise calculation.
We start by discussing the relevant timescales for the problem at temperatures close to the electroweak scale. The largest interaction rates correspond to the singlet-doublet Yukawa mediated processes, which for λ u,d ∼ 2−3, we estimate to be 10 −2 T and the strong sphaleron rate which is of similar order [33] . The top Yukawa interaction is estimated to have a rate of In the thin wall approximation, where the bubble thickness l is much smaller than the mean free path of the incoming fermions, the interactions with the bubble wall are captured by reflection and transmission coefficients of the incoming fermion wave. Since the bubble wall is macroscopic, we treat the reflection problem as one-dimensional and the singlet-doublet fermions as plane waves. In [7, 31] , the reflection coefficients are calculated perturbatively from the Dirac equation and a simple interpretation for the result is provided, which we briefly summarize here. First, the fermions emerge from the thermal ensemble at some position which we define to be z = 0. They propagate and reflect on the bubble wall a finite number of times, where each reflection in the perturbative calculation corresponds to one insertion of a space dependent fermion mass matrix. The bubble wall has a shape which 4 A more careful analysis requires finding the quantum number that is orthogonal to hypercharge in order to avoid Debye screening. We omit this technical detail which at most leads to a O(1) correction to the calculation [35, 36] .
we define to be
where v c is the critical condensate at the electroweak phase transition, l the bubble width, z w the bubble wall position and ξ is a dimensionless function which specifies the shape of the bubble and satisfies lim x→∞ ξ(x) = 2 , lim x→−∞ ξ(x) = 0. The space dependent mass matrix is obtained by using the vacuum profile (24) in the mass matrix (8) and is given by
The result of the perturbative calculation is an expression for the reflection and transmission coefficients as an expansion in powers of the fermion mass matrix M over the energy of the incoming fermions ω, M/ω. The expansion for the 3 × 3 reflection coefficient matrix for incoming (right moving) singlet or doublet fermions from the unbroken phase into outgoing (left moving) singlet or doublet fermions is up to order O M 5 /ω 5 given by [7, 31] 
The parameter γ in (26) is a small damping term, which accounts for loss of coherence in the reflection due to interactions with the plasma and regulates the oscillatory integrals (26).
We may understand the effect of γ in the calculation by comparing it with the other two energy scales in (26) : the fermion energy ω and the inverse bubble wall width 1/l. First, we expect the damping rate to be of the order of the interaction rate with Higgs bosons in the plasma, due to the large singlet-doublet Yukawas needed to achieve the strong first order phase transition. For λ u,d ∼ 2 − 3, we estimate that these interactions have a rate ∼ 10 −2 T , which for a critical temperature of order T c ∼ 100 GeV leads to γ ∼ 1 GeV. On the other hand, the energy of the incoming singlet-doublet fermions is of course larger than the singletdoublet fermion masses, ω > m S,L , which as discussed in section 3 are order electroweak scale. This means that ω ≥ O(10 2 GeV) γ. Finally, the width of the bubble wall is much harder to estimate reliably, since it involves the complex non-equilibrium evolution of the bubble on the plasma. A naive estimate of the bubble width may be obtained by minimizing the energy of the wall as in [2] , where the wall width is estimated to be 1/l ∼ 10 2 GeV. This calculation, however, does not account for the interactions of the wall with the plasma, so we will remain agnostic on the precise value of l and in the rest of this work we treat the bubble wall width as a free parameter of order 10 GeV 1/l 10 3 GeV, in which case, γ 1/l. To summarize, the damping rate is the smallest scale in (26), γ 1/l, ω. Then, to zeroth order in γl and γ/ω, we may treat γ just as a regulator of the oscillatory integrals (26) , which after integration may be set to zero. The error due to this approximation is of order O(γl, γ/ω) 1. In the rest of this paper we omit writing γ explicitly, with the implicit assumption that all oscillatory integrals are regulated as described.
The reflection matrix for the CP conjugate processes R is obtained by replacing the symmetric mass matrix M(z) in (26) by its complex conjugate. The leading order term for the reflection asymmetry in doublet number arises at O M 6 /ω 6 and is given by
where the doublet number charge matrix isQ D = diag (0, 1, −1). Using the fermionic mass matrix (25) in the doublet number reflection asymmetry (27) , taking the trace of the matrices and performing a change of integration variables z i = x i l, i = 1..6, we obtain
where we defined the dimensionless function Ξ(lω) Ξ(lω) = (lω)
The function Ξ(lω) contains all the information of the bubble wall shape. Note that the reflection asymmetry (28) is independent of the wall position z w . This result is valid as long as the singlet-doublet fermion emerges from the thermal ensemble far from the bubble wall, z w l. In this case the bubble wall position only leads to a phase e 2iωzw in the reflection coefficient, which does not affect the reflection probability.
In this work, for concreteness we take the bubble profile to have the usual kink shape [2, 33] which corresponds to the bubble shape function
Inserting the bubble shape (30) in (29), the function Ξ(lω) may be integrated analytically with some effort. The result is
where γ E = 0.578 is the Euler constant and ψ n (x) = d n+1 /dx n+1 log Γ(x), n = 0, 1 are polygamma functions. For reference we plot Ξ(lω) in figure 3 . Inserting (31) in (28) gives an analytic leading order expression for the reflection asymmetry of the vector-like doublet number.
The transmission asymmetry for left moving singlet-doublet fermions coming from the broken phase may be similarly obtained from a perturbative calculation. However, it is simpler to obtain the transmission asymmetry by unitarity, which relates the reflection and transmission coefficients by
The doublet number asymmetry in front of the wall may now be calculated in terms of the reflection and transmission asymmetries, but before proceeding and as a sanity check, let us consider some interesting limiting cases of the reflection asymmetry (28) . First, the reflection asymmetry vanishes in the limit ω much larger than the wall height (which is controlled by figure 3) indicates that there is a strong suppression of the reflection asymmetry both for lω 1 and lω 1. The limit lω 1 corresponds to the case in which the quantum mechanical coherence needed for the reflection asymmetry is lost, due to interference from reflection at different points of the bubble profile [7] . The opposite limit lω 1 corresponds to a zero thickness "step wall", in which case all CP violation in the mass matrix in the broken vacuum may be rotated away by a unitary transformation [37] , so no asymmetry is created either. The reflection asymmetry is non-zero away from these two limits and is maximal for a bubble wall of thickness l ∼ 1/ω. The doublet number asymmetry density in front of the bubble wall is given in terms of the doublet number reflection and transmission asymmetries by [7] 
where n u(b) (ω) is the unbroken (broken) phase density matrix for the right (left) moving singlet and doublet fermions boosted to the wall frame. At lowest order in the expansion of mass over energy the density matrices are just proportional to the identity matrix [31] 
where v w is the bubble wall velocity, the minus sign is for the unbroken phase right moving fermions and the plus sign for the broken phase left moving fermions. T c is the temperature at which the baryon asymmetry is created, which we take to be the critical temperature for the electroweak phase transition. In this work we will not study the case of ultra-relativistic bubbles and we work at leading order in v w . Using (32) and (34) in (33) and expanding to first order in v w we obtain
where n 0 (ω) = (e ω/Tc + 1) −1 is the Fermi-Dirac distribution.
As already discussed in the beginning of this section, we assume that all the vector-like doublet asymmetry n D is efficiently converted into the chiral asymmetry density n L (x) in front of the wall, where x is the distance from the wall. For simplicity, we assume that the chiral asymmetry density n L (x) is constant and equal to n D up to a distance ∆ from the wall and zero beyond that distance, where ∆ is the mean free path of the fermions transporting the chiral asymmetry,
We take the mean free path to be ∆ = 100/T , which is the mean free path of the SM leptons [33, 38, 39] , motivated by the possibility discussed in the beginning of this section that the singlet-doublet fermions may decay to Standard Model leptons, such that the chiral asymmetry is a lepton asymmetry. The baryon asymmetry is obtained from the spacedependent chiral asymmetry n L (x) which biases weak sphaleron interactions and is given by [33] n B = − 9
where the weak sphaleron rate per unit volume at the electroweak phase transition is
and we take κ = 1.1 [40] . Using (36) in (37) we obtain
Finally, using (36) in (39) we get
where we remind the reader that the function Ξ(lω) is given in expression (31), n 0 (ω/T c ) is the Fermi-Dirac distribution, Γ sph is the sphaleron rate (38) and ∆ = 100/T . Expression The baryon asymmetry vanishes if any of these parameters is zero, since in this case there is no CP violation in the singlet-doublet model. The baryon asymmetry also depends on the bubble wall width l, but is independent within our approximation of the bubble velocity v w . The approximation is valid as long as the weak sphaleron rate may be considered to be slow with respect to the expansion of the bubble, Γ sph ∆/T 3 < v w . For very slow bubbles, v w Γ sph ∆/T 3 , the baryon asymmetry washout due to electroweak sphalerons in the unbroken phase must be included in the calculation and expression (39) needs to be
) , which vanishes in the limit v w → 0 (since n D is linear in v w , see eq. (36)). This is to be expected, since for a static bubble the system is in equilibrium and no baryon asymmetry can be generated. For ultra-relativistic bubbles, our lowest order velocity expansion breaks down. In what follows we stick to the case Γ sph ∆/T 3 < v w 1 and work with expression (41)
The electron electric dipole moment
A singlet-doublet phase δ CP = 0, π leads to an electron EDM through two-loop Barr-Zee diagrams [41] . The two loop diagrams were calculated in [23] , results that we use to set limits on the effective singlet-doublet CP violating phase by comparing with the experimental limits on the electron EDM [42] .
In figure 4 we present the limits on the (absolute value) sine of the CP violating phase 1. Generically, we conclude that for electroweak-scale singlet-doublet masses and order one Yukawas close to the custodial preserving limit λ u = λ d , the singlet-doublet effective CP violating phase, δ CP is constrained to be at most at the few percent level.
5 Putting all together: the baryon asymmetry in the singlet-doublet model
The baryon asymmetry in the singlet-doublet model (41) needs to be compared with the measured value of the baryon asymmetry of the universe, which is given by [43] n B , obs s = (8.6 ± 0.09) × 10 −11 (41) where s = g * (2π 2 /45)T 3 is the entropy density and g * is the number of degrees of freedom in thermal equilibrium in the plasma, which we take to be the SM degrees of freedom plus the singlet-doublet fermions, g * = 115.5. The sign of the asymmetry is not determined in the measurement [43] , but for practical purposes we assume that it corresponds to a positive baryon asymmetry. The results are shown in figure 5 , where we plot contours of the baryon asymmetry (41) over the entropy density, n B /s. In the plots we fix the effective CP violating phase to δ CP = 4 × 10 −2 , which is basically close to the maximum phase allowed by the electron EDM, as discussed in section (4.2), for electroweak scale singlet-doublet masses and Yukawas larger than one. The sign of the phase is not relevant for the EDM limit discussed in section (4.2), but is in principle measurable in a low energy experiment and is correlated with the sign of the baryon asymmetry, and for the plots we set the sign of the phase to be negative.
We also set the bubble wall width to l = 3×10 −3 GeV −1 , which is of the order of the estimate in [2] . In the plots we also show contours of the strength of the phase transition v c /T c in dashed gray lines. Note that we cut the contours of the baryon asymmetry (41) Generically, we conclude that in order to obtain the strong first order phase transition and to obtain the observed baryon asymmetry from reflection of singlet-doublet fermions on the bubble wall, the singlet doublet fermions must have large Yukawas with the Higgs and be at the electroweak scale. We expect these features to be generic in all models of fermion induced electroweak baryogenesis, since they have a generic origin: the large Yukawas are needed in order to substantially modify the Higgs potential at the electroweak phase transition, while the new fermions must be below a TeV to avoid suppressing their abundance from the thermal plasma at the electroweak phase transition.
-��� × �� Star: benchmark scenario of table 3.
Collider constraints
In this section we briefly comment on the collider constraints on the charged and neutral components of the minimal singlet-doublet model.
We start reviewing the limits for singlet-doublet fermion masses below 100GeV. The irreducible limit on the mass m L of the charged component of the doublet fermions is basically half the Z boson mass [44] . There are stronger constraints from direct pair production at LEP under certain assumptions for the decay modes and lifetime of the charged fermion, which set a stronger bound m L 91GeV [45] . The high luminosity LHC will be able to probe pair production of neutral singlet-doublet fermions if they are mostly doublet up to ∼ 100 GeV even in the compressed region, from searches assisted by the emission of an initial state radiation jet [48] .
In the larger mass region, with singlet-doublet fermions heavier than 100 GeV, the main collider constraints come from LHC, where singlet-doublet fermions are pair produced and subsequently decay into the lightest fermion of the singlet-doublet sector, leading to final states with missing energy, multiple leptons and/or jets. The strongest constraints come from searches with multiple leptons in the final state, both at CMS [49] [50] [51] and ATLAS [52, 53] . This is the region of interest for our benchmark scenario of table 3, which we now discuss in more detail.
To study our benchmark scenario, we implement the minimal singlet-doublet fermion model using FeynRules [54] . The relevant topologies for LHC are pair production of the charged fermions ψ + ψ − , or production of a charged fermion and a neutral fermion, ψ ± ψ i , i = 1, 2, 3. The charged fermions are produced through Drell-Yan and the neutral singletdoublet fermions are produced either through Drell-Yan or through an s-channel Higgs [24] .
Since in our benchmark scenario, the third neutral state ψ 3 is more than a factor of two heavier than the rest of the singlet-doublet fermions, its production is subleading and we concentrate on production modes involving only ψ ± and ψ 1,2 . For simplicity, we also limit ourselves to pair production ψ ± ψ 2 and ψ + ψ − , which are the most similar topologies to the ones in [49] [50] [51] [52] [53] , but including also production of ψ 1 ψ 2 does not change the conclusions.
We use Madgraph [55] to perform a Montecarlo simulation for pair production at the 13
TeV LHC and to obtain the decay branching fractions of the singlet-doublet fermions. We tabulate the resulting production cross sections and main decay modes in 4. Regarding the decay modes, the charged fermion ψ ± decays to a W boson and the lightest singlet-doublet neutral fermion, which is the lightest stable particle in the minimal singlet-doublet sector, leaving missing energy and leptons or jets. The second heaviest singlet-doublet neutral fermion ψ 2 decays to a Z or Higgs and the lightest neutral singlet-doublet fermion. We find that the decay through the Higgs is dominant. This is a typical feature of models of fermion induced electroweak baryogenesis, due to the requisite large Yukawa couplings to the Higgs and provides motivation for searches with Higgs mediated decays as in [49] . Note that the ψ 2 decay to a charged doublet fermion and a W * is three body, so it is suppressed.
We subsequently recast the 13 TeV ATLAS limits [52] using CheckMate [56] . The corresponding CMS multilepton searches [49, 50] are not currently implemented in CheckMate, but the limits are expected to be similar. We find that our benchmark scenario is not currently excluded, for rather trivial reasons. For the kinematics of our benchmark point, the limit on the production cross section times branching fraction into W and Z bosons for the pair ψ ± ψ 2 is O(0.1pb) according to [49] . This limit is one to two orders of magnitude larger than the corresponding production cross section times branching fraction for our benchmark point (see table 4 ). However, the limits will improve considerably with more statistics, so the benchmark scenario may be tested at the high luminosity LHC. We leave a detailed study of the full parameter space of the singlet-doublet model and the discovery prospects for future work.
Another possibility, is to allow for singlet-doublet fermions to decay to the Standard
Model lepton doublet and a new light scalar or pseudoscalar singlet, as discussed in section 4.1. In this case, the charged singlet-doublet fermion decays mostly into a Standard Model charged lepton, while the singlet-doublet fermions decay invisibly. In this scenario, the strongest constraints come from pair production of charged singlet-doublet fermions and depend mostly on the mass splitting between the charged singlet-doublet fermion and the new scalar or pseudoscalar. We also leave a detailed study of this interesting possibility for future work. 
Conclusions and outlook
We presented the minimal model of electroweak baryogenesis induced only by fermions. We demonstrated that the model is complete: it leads to a barrier in the effective potential induced entirely by the new fermions and leads to a baryon asymmetry of the correct order of magnitude in a simplified semiclassical calculation, which was performed analytically in terms of CP invariants. We showed that in order for the strong first order phase transition and baryon asymmetry to be generated, the singlet-doublet fermions must be at the electroweak scale, have large Yukawas with the Higgs and have non-vanishing Lagrangian masses in order to realize level splitting in the broken vacuum. We also studied the most relevant experimental constraints, including electroweak precision, electron dipole moment and collider constraints, showing that the model is consistent with current experimental data.
Fermion induced EWBG is largely unexplored in the literature in comparison with scalar induced EWBG and poses many interesting questions. First, a detailed study of the phenomenology of fermion induced EWBG is not available. Such a study should include a full analysis of the irreducible collider constraints and discovery prospects at LHC, which must include a full recast of multilepton searches. Fermion induced EWBG is a very well motivated model of new physics at the electroweak scale with strong couplings with the Higgs, so on its own it is an interesting benchmark scenario for LHC. Also, a study of the deviation of the self couplings must be carried out, but we point out that this study is sensitive to the UV completion stabilizing the potential.
On the technical side, a more precise calculation of both the phase transition and the baryon asymmetry in fermion induced EWBG should be carried out. Due to the large Yukawas, it would be interesting to study the effects of including higher loop terms in the effective potential for the calculation of the strength of the phase transition. Also, in this work we neglected the effect of washout of the chiral asymmetry by strong sphalerons by suggesting that the singlet-doublet sector may be extended to allow for decays into Standard
Model leptons, but it is important to perform a full calculation of the baryon asymmetry in the minimal singlet-doublet model including the strong sphaleron effects.
The singlet-doublet model has also been studied in the literature mostly in the context of dark matter [22] [23] [24] [25] , but we point out that since in fermion induced EWBG the new fermions must couple strongly to the Higgs, the lightest singlet-doublet fermion would be ruled out as a dark matter candidate from direct detection experiments. Generically, if the relic density of singlet-doublet fermions is large, direct detection experiments severely constrain the model. One way to avoid potential limits from direct detection is to allow the lightest singlet-doublet neutral fermion to decay on cosmological timescales, a requirement that is easily fulfilled by allowing decays into Standard Model leptons as in section 4.1. We leave the study of singlet-doublet relics and a detailed study of extensions of the model to accommodate the observed dark matter density for future work.
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A Electroweak precision analysis
The singlet-doublet fermion mass eigenstates couple to electroweak gauge bosons due to their doublet component and lead to corrections to the gauge boson self energies at one-loop. In this section we review the corresponding corrections and limits from electroweak precision observables.
The one-loop corrections to the gauge boson self energies are most easily obtained in Dirac notation, so we define four component fermion fields c
The W boson couplings c 
where the minus signs come from the different sign conventions for the corresponding Lagrangian and propagator masses for the fermions in the loops and the factors of 1/2 correspond to symmetry factors in loops of Majorana fermions. The functions Π V,A are given in appendix B.
The corrections to electroweak precision observables coming from new physics much heavier than the electroweak scale may be studied using the S,T,U parameter formalism [57, 58] .
When the new physics is at or below the electroweak scale three additional V,W,X parameters are needed for the electroweak precision analysis [27] . For generality, in this work we also consider the case in which at least one of the singlet-doublet fermions is at or below the electroweak scale, so we make use of the full STUVWX analysis. We make use of the selfenergies (45) to calculate the STUVWX parameters defined in [27] , from which we determine fourteen electroweak precision observables [59] Γ 
The Standard model input values for the electroweak observables above, which correspond
to their values for STUVWX equal to zero, are taken from [60] . To obtain 95% exclusion regions for our singlet-doublet model, we perform a chi-squared analysis on the fourteen precision observables and rule out the parameter space leading to χ 2 > 23.68. The errors on the electroweak precision observables needed for the χ 2 fit are taken from [59] .
As a validation of our fit, in figure 6 we show in gray the 95% confidence level allowed region in the S, T plane, by setting U, V, W, X to zero. The boundaries of the excluded region are within ∼ 10% of the ones presented in reference [60] , which are obtained performing a similar fit. 
B One-loop self-energies
In this appendix we give explicit, analytic expressions for the one-loop self energies required for the electroweak precision analysis of appendix (A). The self energies are calculated with
Package-X [61, 62] , in a field basis where the masses are real 5 . The self energies are given
